US009025616B2
a2y United States Patent (10) Patent No.: US 9,025,616 B2
Chen 45) Date of Patent: May 35, 2015
(54) WAVELENGTH (56) References Cited
MULTIPLEXER/DEMULTIPLEXER
APPARATUS U.S. PATENT DOCUMENTS
: _ : 6,512,612 B1* 1/2003 Fatehietal. .................... 398/49
(71) Applicant: Alecatel-Lucent USA Inc., Murray Hill, 6,570,872 B1* 5/2003 Beshaietal. .....cocooo.... 370/369
NJ (US) 2003/0189938 A1* 10/2003 Beshai ...ooooocvvovevn., 370/396
2003/0193937 Al1* 10/2003 Beshaietal. ................. 370/372
(72) Inventor: Long Chen, Holmdel, NJ (US) 2004/0207894 Al1* 10/2004 Hodgesetal. ................ 359/212
2004/0218855 Al1* 11/2004 Markwardtetal. ............ 385/24
: . : 2005/0002603 A9* 1/2005 Beshairetal. .........ooe..... 385/24
(73) ASSlgnee' é‘llgatEI Lucent? BOU]Ogne Blllancourt 2005/0018957 A 2 1/2005 AkSYUk et .‘:11. “““““““““ 385/18
( ) 2006/0098981 Al1* 5/2006 Miuraetal. .......oovevnio. 398/45
2011/0052191 A1* 3/2011 Beshal .......oocovviviviviennnnnn. 398/52

*3)  Notice: Subject to any disclaimer, the term of this
] y . .
patent 1s extended or adjusted under 35 * cited by examiner

U.S.C. 154(b) by 63 days.

Primary Examiner — Kerr1 Rose

(21) Appl. No.: 13/828,739 _ _ _
(74) Attorney, Agent, or Firm — Hitt Gaines, PC

(22) Filed: Mar. 14, 2013

(65) Prior Publication Data (57) ABSTRACT
US 2013/0250977 Al Sep. 26, 2013 An apparatus comprising an optical multiplexer/demulti-
plexer having a set of input ports and a set of output ports, the
Related U.S. Application Data optical multiplexer/demultiplexer configured to demultiplex

a wavelength division multiplexed optical signal to one port
of the set of 1nput ports, and to output a plurality of demulti-
plexed wavelength channels to one of a plurality of subsets of
output ports within the set of output ports. The apparatus
comprises an optical switch configured to route the wave-

(60) Provisional application No. 61/613,686, filed on Mar.
21, 2012.

(51) Int.CL

H04J 14/02 (2006.01) length division multiplexed signal to a selected one of the
(52) US.CL input ports, thereby causing the plurality of demultiplexed
CPC ......... HO04J 14/0221 (2013.01); HO4J 14/021

wavelength channels to be output by the optical multiplexer/

(2013.01); H04J 14/0212 (2013.01); HO4J demultiplexer to selected ones of the plurality of subsets of

14/0227 (2013.01); HO4J 14/0267 (2013.01)

output ports.
(58) Field of Classification Search
None
See application file for complete search history. 19 Claims, 6 Drawing Sheets
160
“x }00
r--———~——— """~~~ ~"—"""———">"——""""="="="™="=—"™="+ ]
: TEMPERATURE CONTROL DEVICE 117 :
0
I 110-0 1 | ..
1 0 1 i1
: S0~ 110-0,, 3 : -
| 120-S0, » 110-1, 110-0, 3 | »
: 120-50,, - 110, 110-0 U : -
120-80 » 110- MxN 110-0 >
| 3 3 6 |
OPTICAL | OPTICAL 41080 L 1104° WAVELENGTH 110.0 "] DATADRIVE
SOURCE IN | SWITCH 4 4 7 | MODULE
711205 120-80, m 110 MUXDeMUX - q10.0, I
170 | 145 | 120 42050, 1104, 110 1100, | 180
I o 2 Q - I
I O O O 110'010 I -
o SM O O |
| 12050}, o 101, 110-04 B
| o o |
| : Oy | o |
| 110-0 |
| 135" N s
| 155 |
| \ T 142 |
I Y I
| CONTROL MODULE OPTICAL |
I \ POWER MODULE | |
: 7 145 N :

L 130 140 |



US 9,025,616 B2

Sheet 1 of 6

May 35, 2015

U.S. Patent

081,

J1NAON
JAIAd VLV

Ol |
Gyl |
I1NAOW HIMOd \ _
VOILdO JTINAOW TOYLNOD |
A / |
44N GGl "
|
No-o11 Tol |
° |
o " A "
0l - o O o |
OlOFF 0 O &) _
n Mo-o: oLl M_-o: wo@oﬂ 071 Sl

. . : - /

ST O xoweaxnw OV R OSTICL ) g 187021 (e
7 0-0LL HIONITIAYM 'IFOLL T S0}  1um11 40 |
90-011 NXIA €011 £0s-021 |
DT I I P 44 fe—] 2021 _
DL I MY _
. - Vo011 =011 F 0S-02| |
L €001 S |
H ¢o-0LL |
] |
I 001 05 |
o |
i 3DIA3A TOHLNOD FHNLVYIdNIL _

0L}

304N0S
1v3Il1ldO




U.S. Patent May 5, 2015 Sheet 2 of 6 US 9,025,616 B2

200
N\ FIG. 2
205x~ INPUTTING A WAVELENGTH DIVISION MULTIPLEXED OPTICAL

SIGNAL TO AN INPUT SWITCH PORT OF AN OPTICAL SWITCH

210 ROUTING THE WAVELENGTH DIVISION MULTIPLEXED
o~ OPTICAL SIGNAL TO A SELECTED ONE OF A PLURALITY
OF OUTPUT SWITCH PORTS OF THE OPTICAL SWITCH

215 DIRECTING THE WAVELENGTH DIVISION MULTIPLEXED OPTICAL SIGNAL
- FROM THE SELECTED ONE OUTPUT SWITCH PORT TO ONE OF A SET OF
INPUT PORTS OF AN OPTICAL MULTIPLEXER/DEMULTIPLEXER

290 DEMULTIPLEXING THE WAVELENGTH DIVISION MULTIPLEXED OPTICAL
o~ SIGNAL IN THE OPTICAL MULTIPLEXER/DEMULTIPLEXER TO FORM A
PLURALITY OF DEMULTIPLEXED WAVELENGTH CHANNELS

295 TRANSMITTING EACH OF THE DEMULTIPLEXED WAVELENGTH CHANNELS
o TO DIFFERENT ONES OF A SUBSET OF OUTPUT PORTS WITHIN A SET OF
OUTPUT PORTS OF THE OPTICAL MULTIPLEXER/DEMULTIPLEXER

ADJUSTING THE OPTICAL OUTPUT OF THE
235 OPTICAL MULTIPLEXER/DEMULTIPLEXER

R v

CONTROLLING THE OPTICAL SWITCH TO SEQUENTIALLY ROUTE THE
WAVELENGTH DIVISION MULTIPLEXED OPTICAL SIGNAL TO EACH OF

THE SWITCH QUTPUT PORTS TO THEREBY LOCATE THE SUBSET OF
OUTPUT PORTS OF THE OPTICAL MULTIPLEXER/DEMULTIPLEXER
TRANSMITTING A HIGREST THE OPTICAL POWER LEVEL

v

SENDING ONE OR MORE ELECTRICAL SIGNALS FROM A CONTROL
MODULE TO THE OPTICAL SWITCH TO SEQUENTIALLY DIRECT THE

WAVELENGTH DIVISION MULTIPLEXED OPTICAL SIGNAL FROM THE
230/' SWITCH INPUT PORT TO EACH OF THE DIFFERENT ONES OF THE OUTPUT

SWITCH PORTS WHILE MONITORING THE OPTICAL POWER LEVEL FROM
THE OUTPUT PORTS OF OPTICAL MULTIPLEXER/DEMULTIPLEXER

245

240

SENDING A SECOND ELECTRICAL SIGNAL TO A TEMPERATURE
CONTROL DEVICE CONFIGURED TO ADJUST A TEMPERATURE OF THE
OPTICAL MULTIPLEXER/DEMULTIPLEXER TO THEREBY ADJUST
OPTICAL PASSBANDS OF THE OPTICAL MULTIPLEXER/DEMULTIPLEXER
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WAVELENGTH
MULTIPLEXER/DEMULTIPLEXER
APPARATUS

CROSS REFERENCE TO RELATED D
APPLICATIONS

This application claims the benefit of U.S. Provisional

Application Ser. No. 61/613,686 filed on Mar. 21, 2012, to
Chen, entitled, “FABRICATION-TOLERANT WAVE- 10

LENGTH MULTIPLEXER/DEMULTIPLEXER,” which is
incorporated herein by reference 1n 1ts entirety.

TECHNICAL FIELD
15
This application 1s directed, 1n general, to optical commu-
nications apparatuses, systems and methods.

BACKGROUND
20
This section introduces aspects that may be helpful to
facilitating a better understanding of the mnventions. Accord-
ingly, the statements of this section are to be read 1n this light
and are not to be understood as admissions about what 1s 1n
the prior art or what 1s not in the prior art. 25
Photonic 1ntegrated circuits based on high-index-contrast
waveguides such as silicon, silicon-nitride, or InP have great
potential 1n optical communications systems because of, e.g.
potential reduction of size, power, and cost of such devices
relative to solutions using lower index-contrast waveguide. 30
However, one challenge associated with using such circuits 1n
production wavelength-division multiplexed (WDM) sys-
tems 1s the wavelength accuracy of the fabricated circuits,
¢.g., whether the wavelength channels of a multiplexer and
demultiplexer are aligned with the laser wavelengths of the 35
multiplexed channels, e.g. the grid of the WDM system. For
example, for a WDM system with 100 GHz spacing, the
multiplexer/demultiplexer (mux/demux) channels typically
need to be aligned to the grids with an accuracy of about
+/—=10 GHz. On the contrary, a mux/demux based on thin 40
silicon waveguides typically have a wavelength varnation of
as large as 1000 GHz even on the same waler, e.g. orders of
magnitude higher than the desired grid alignment accuracy.
Unfortunately, this variation 1s thought to be fundamental to
currently known {fabrication methods. For example, to 45
achieve 10 GHz wavelength accuracy on thin silicon
waveguides, the precision of the waveguide dimension (e.g.
width) may need to be as small as 1 nm over the length of the
waveguide, which 1s beyond the best known manufacturing,
capability. Although thermo-optical tuning can be used to 50
shift the mux/demux channel positions, the magnitude of the
possible adjustment 1s typically limited. For example, to
obtain 1000 GHz tuning range of a thin-waveguide mux/
demux, the waveguide temperature may need to be changed
by as much as 100° C. for silicon waveguides, and as much as 55
several hundred © C. for devices based on silicon nitride. Such
large changes are impractical due to, e.g. power consumption
and resulting device reliability issues.

SUMMARY OF ILLUSTRATIVE 60
EMBODIMENTS

One embodiment 1s an apparatus. The apparatus comprises
an optical multiplexer/demultiplexer having a set of 1put
ports and a set of output ports, the optical multiplexer/demul- 65
tiplexer configured to demultiplex a wavelength division mul-
tiplexed optical signal to one port of the set of input ports, and

2

to output a plurality of demultiplexed wavelength channels to
one of a plurality of subsets of output ports within the set of
output ports. The apparatus comprises an optical switch con-
figured to route the wavelength division multiplexed signal to
a selected one of the input ports, thereby causing the plurality
of demultiplexed wavelength channels to be output by the
optical multiplexer/demultiplexer to selected ones of the plu-
rality of subsets of output ports.

In some such embodiments the optical switch can be con-
figured as an optical space switch having an mnput switch port
and a plurality of output switch ports. The 1nput switch port
can be configured to recerve the wavelength division multi-
plexed optical signal. The plurality of output switch ports are
configured to transmit the wavelength division multiplexed
optical signal to one of the set of the input ports of the optical
multiplexer/demultiplexer. In some such embodiments the
optical switch includes movable optical elements configured
to controllably direct the wavelength division multiplexed
optical signal from the input switch port to one of the output
switch ports. In some such embodiments the optical switch
includes one or more Mach Zhender interferometers config-
ured to controllably direct the wavelength division multi-
plexed optical signal from the input switch port to one of the
output switch ports.

Some embodiments of the apparatus further include a con-
trol module configured to control the routing of the wave-
length division multiplexed input signal to the selected one of
the input ports of the optical multiplexer/demultiplexer. In
some such embodiments, the control module can be config-
ured to send one or more control signals to the optical switch
to thereby cause the optical switch to successively send the
wavelength division multiplexed optical signal from the input
switch port to each one of the plurality of output switch ports.
In some such embodiments, the control module can be con-
figured to adjust the routing of the wavelength division mul-
tiplexed signal to the selected one of the input ports that
increases the optical power level output of the demultiplexed
wavelength channels from the optical multiplexer/demulti-
plexer. In some such embodiments, the control module 1s
configured to route the wavelength division multiplexed sig-
nal 1n response to temperature-induced shifts 1n optical pass-
bands of the optical multiplexer/demultiplexer.

Some embodiments of the optical multiplexer/demulti-
plexer include a grating configured to separate the wave-
length division multiplexed optical signal into separated
wavelength channels and send the separated wavelength
channels to selected ones of the set of output ports.

In some embodiments of the apparatus the optical multi-
plexer/demultiplexer 1s configured to multiplex the plurality
of demultiplexed wavelength channels to one of the plurality
ol subsets of output ports within the set of output ports and to
output the wavelength division multiplexed optical signal to
one port of the set of input ports. In some such embodiments,
the optical switch 1s configured to route the wavelength divi-
sion multiplexed signal from the one port of the set input ports
ol the optical multiplexer/demultiplexer, thereby causing the
wavelength division multiplexed signal to be output by a
single switch port of the optical switch.

Some embodiment of the apparatus further include a tem-
perature control device configured to change the temperature
of the optical multiplexer/demultiplexer to thereby alter opti-
cal path-lengths 1n the optical multiplexer/demultiplexer, In
some embodiments, the optical switch 1s configured to pro-
vide a coarse adjustment of the optical passbands of the
multiplexer/demultiplexer and the temperature control device
1s configured to provide a fine adjustment of the optical pass-
bands of the multiplexer/demultiplexer.
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Another embodiment 1s a system that comprises a tunable
optical multiplexer/demultiplexer apparatus. The apparatus
includes an optical multiplexer/demultiplexer having a set of
input ports and a set of output ports. The optical multiplexer/
demultiplexer can be configured to demultiplex a wavelength
division multiplexed optical signal to one port of the set of
input ports, and to output a plurality of demultiplexed wave-
length channels to one of a plurality of subsets of output ports
within the set of output ports. The apparatus also includes an
optical switch that can be configured to route the wavelength
division multiplexed signal to a selected one of the mput
ports, thereby causing the plurality of demultiplexed wave-
length channels to be output by the optical multiplexer/de-
multiplexer to selected ones of the plurality of subsets of
output ports.

In some such embodiments, the optical switch can be con-
figured as an optical space switch having at least one 1mput
switch port and a plurality of output switch ports. The 1nput
switch port can be configured to receive the wavelength divi-
sion multiplexed optical signal and the plurality of output
switch ports are configured to transmit the wavelength divi-
sion multiplexed optical signal to one of the set of the input
ports of the optical multiplexer/demultiplexer.

Some such embodiments of the system can further includ-
ing a control module configured to control the routing of the
wavelength division multiplexed signal by the optical switch
to the selected one of the input ports of the optical multi-
plexer/demultiplexer.

Some embodiments of the apparatus include an optical
power monitor configured to monitor an optical power level
output from the plurality of output ports of the optical multi-
plexer/demultiplexer and send an electrical signal that can be
proportional to the optical power level output from the each
one of the output ports to the control module.

In some such embodiments, the control module can be
configured to change the routing of the wavelength division
multiplexed input signal to different selected ones of the input
ports the optical multiplexer/demultiplexer so as to provide a
highest optical power level output from the optical multi-
plexer/demultiplexer.

Another embodiment 1s a method. The method comprises
inputting a wavelength division multiplexed optical signal to
an mput switch port of an optical switch. The method also
comprises routing the wavelength division multiplexed opti-
cal signal to a selected one of a plurality of output switch ports
of the optical switch. The method further comprises directing
the wavelength division multiplexed optical signal from the
selected one output switch port to one of a set ol input ports of
an optical multiplexer/demultiplexer. The method also com-
prises demultiplexing the wavelength division multiplexed
optical signal 1n the optical multiplexer/demultiplexer to form
a plurality of demultiplexed wavelength channels. The
method further comprises transmitting each of the demulti-
plexed wavelength channels to selected ones of a subset of
output ports within a set of output ports of the optical multi-
plexer/demultiplexer.

In some such embodiments, the method further includes
adjusting the optical output of the optical multiplexer/demul-
tiplexer imncluding controlling the optical switch to sequen-
tially route the wavelength division multiplexed optical signal
to each of switch output ports to thereby locate the subset of
output ports of the optical multiplexer/demultiplexer trans-
mitting a highest the optical power level.

In some such embodiments, the controlling the optical
switch can include sending one or more electrical signals
from a control module to the optical switch to sequentially
direct the wavelength division multiplexed optical signal
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from the switch input port to each of the selected ones of the
output switch ports while momitoring the optical power level
from the output ports of optical multiplexer/demultiplexer. In
some such embodiments, the control module can be config-
ured to send a second electrical signal to a temperature control
device configured to adjust a temperature of the optical mul-

tiplexer/demultiplexer to thereby adjust optical passbands of
the optical multiplexer/demultiplexer.

BRIEF DESCRIPTION OF THE DRAWINGS

Reference 1s now made to the following descriptions taken
in conjunction with the accompanying drawings, 1n which:

FIG. 1 illustrates a block diagram of an apparatus and a
system of the disclosure;

FIG. 2 presents a flow diagram of a method of the disclo-
sure, such as a method implemented using any of the appa-
ratuses or systems discussed in the context of FIG. 1;

FIG. 3A illustrates a preferred spectral response character-
istic of the optical multiplexer/demultiplexer of FI1G. 1, where
passbands of a passband group are aligned with the wave-
length channels, or grid frequencies, indicated by the index
lines at top;

FIGS. 3B and 3C illustrate example of spectral response
characteristics of the optical multiplexer/demultiplexer of
FIG. 1, where the passbands are shifted to higher or lower
wavelength from the desired response of FIG. 3A, respec-
tively, due to, e.g. fabrication-related dimensional variations;

FIGS. 4A-4G illustrates example of spectral responses
(passband groups) of the optical multiplexer/demultiplexer of
FIG. 1, where each of FIGS. 4A-4G correspond to a spectral
response associated with a signal input to a corresponding
one of the mput ports of the optical multiplexer/demulti-
plexer;

FIGS. 5A-5G 1llustrate examples in which the spectral
responses of the optical multiplexer/demultiplexer of FIG. 1
are shifted due to fabrication errors, wherein an input of the
optical multiplexer/demultiplexer may be chosen to align the
received WDM signal channels with the effective passband
spectrum of the optical multiplexer/demultiplexer; and

FIGS. 6A-6G 1llustrate examples in which the spectral
responses of the optical multiplexer/demultiplexer of FIG. 1
are shifted due to fabrication errors, wherein an input of the
optical multiplexer/demultiplexer may be chosen to align the
received WDM signal channels with the effective passband
spectrum of the optical multiplexer/demultiplexer.

In the Figures and text, similar or like reference symbols
indicate elements with similar or the same functions and/or
structures.

In the Figures, the relative dimensions of some features
may be exaggerated to more clearly illustrate one or more of
the structures or features therein.

Herein, various embodiments are described more fully by
the Figures and the Detailed Description. Nevertheless, the
inventions may be embodied in various forms and are not
limited to the embodiments described in the Figures and
Detailed Description of Illustrative Embodiments.

DETAILED DESCRIPTION

—

The description and drawings merely 1llustrate the prin-
ciples of the inventions. It will thus be appreciated that those
skilled 1n the art will be able to devise various arrangements
that, although not explicitly described or shown herein,
embody the principles of the mventions and are included
within 1ts scope. Furthermore, all examples recited herein are
principally intended expressly to be for pedagogical purposes




US 9,025,616 B2

S

to aid the reader 1n understanding the principles of the inven-
tions and concepts contributed by the inventor(s) to furthering,
the art, and are to be construed as being without limitation to
such specifically recited examples and conditions. Moreover,
all statements herein reciting principles, aspects, and embodi-
ments of the inventions, as well as specific examples thereot,
are mtended to encompass equivalents thereol. Additionally,
the term, “or,” as used herein, refers to a non-exclusive or,
unless otherwise indicated. Also, the various embodiments
described herein are not necessarily mutually exclusive, as
some embodiments can be combined with one or more other
embodiments to form new embodiments.

Embodiments of the disclosure implement general prin-
ciples to reduce the effect of manufacturing variation of the
optical multiplexer/demultiplexer on WDM system operabil-
ity. Without limitation, for example, the embodiments of the
disclosure can be implemented for an optical multiplexer/
demultiplexer with a large deviation of optical passbands
from nominal design values due to variation of 1ts channel
wavelengths from {fabrication vanation, embodiments
described herein may match or nearly match the channel grid
of a WDM optical signal to a desired set of output ports of the
optical multiplexer/demultiplexer. In some embodiments, the
matching of the WDM grid to the optical multiplexer/demul-
tiplexer passbands may be done automatically with a suitable
controller. Temperature control devices (e.g., thermo-optic
tuners) may optionally be used for fine adjustment to more
closely match the signal channel grid to the channel optical
multiplexer/demultiplexer pass bands. Thus embodiments as
described herein may significantly increase the fabrication
yield of optical multiplexer/demultiplexer devices, and may
reduce power consumption by reducing the degree of correc-
tion needed by temperature control devices.

FI1G. 1 1llustrates a block diagram of an apparatus 100 of the
disclosure. The apparatus 100 comprises an optical multi-

plexer/demultiplexer 110 having a set of input ports
110-I, ...110-I, ,and a set of output ports 110-O, ... 110-0O,,
the optical multiplexer/demultiplexer 110 configured to
demultiplex a wavelength division multiplexed optical signal
115 (e.g., an optical mput signal 1n some cases) to one port
(e.g.,110-1,) of the set of input ports, (e.g., 110-1, ...110-1, ),
and to output a plurality of demultiplexed wavelength chan-
nels 117 (O, ... O,) (e.g., an optical output signal in some
cases) to one of a plurality of subsets of output ports (e.g.,
110-O, . . . 110-0O;), within the set of output ports
110-0O, ... 110-0,,.

As 1llustrated 1n FIG. 1, 1n some embodiments, the optical
multiplexer/demultiplexer 110 1s configured as an MxN opti-
cal multiplexer/demultiplexer 110 with M input ports
110-I, ... 110-I, ,and N output ports.

The apparatus 100 also comprises an optical switch 120
configured to route the wavelength division multiplexed sig-
nal 115 to a selected one of the mput ports (e.g., 110-I,),
thereby causing the plurality of demultiplexed wavelength
channels 117 to be output by the optical multiplexer/demul-
tiplexer 110 to selected ones of the plurality of subsets (e.g.,
110-O, ... 110-O.) of output ports 110-O, ... 110-0,,.

Upon reading the present disclosure, one skilled in the
pertinent arts would understand how the apparatus 100 may
be operated to demultiplex channels 117 of a received wave-
length division multiplexed optical signal 115 to separate
individual channels 117 of the signal 115. The apparatus 100
may also be operated to multiplex a plurality of data (e.g.,
demultiplexed wavelength channels) channels 117 at differ-
ent wavelengths onto a single wavelength division multi-
plexed optical signal 115. For example, the optical multi-
plexer/demultiplexer 110 can be configured to multiplex the
plurality of demultiplexed wavelength channels 117 to one of
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6

the plurality of subsets of output ports (e.g., 110-O, . . .
110-0O,), within the set of output ports 110-O, ... 110-O,,and
to output the wavelength division multiplexed optical signal
115 to one port (e.g., 110-1,) of the set of input ports, (e.g.,
110-1, . ..110-1, ). The optical switch 120 can be configured
to route the wavelength division multiplexed signal 115 from
the one port (e.g., 110-I,) of the set of mput ports, (e.g.,
110-1, ... 110-1, ), thereby causing the wavelength division
multiplexed signal 1135 to be output by a single switch port
120-SI of the optical switch 120.

The descriptions of example embodiments presented
herein refer without limitation to the apparatus 100 operating,
as a demultiplexer. Those skilled in the pertinent art will
appreciate that the principles described may be applied with
similar effect and benefit when the apparatus 100 1s operated
as a multiplexer.

As 1llustrated i FIG. 1, 1n some embodiments, the optical
switch 120 1s configured as an 1xM optical switch where M
equals the number of the output switch ports 120-SO, . . .
120-S0O, , which, in turn, can equal an M number of 1nput
ports 110-1, . . . 110-I,, of the optical multiplexer/demulti-
plexer 110.

The wavelength division multiplexed optical signal 115
can 1nclude optical frequencies that can be 1n any wavelength

band used i optical communications, e.g. in the S band
(about 1460 nm to 1530 nm), the C band (about 1530 nm to

1565 nm) or the L band (about 1565 nm to 1625 nm). The
frequency components (e.g., a comb of frequencies or wave-
lengths provided in the wavelength division multiplexed opti-
cal signal 115. The comb of frequencies can be spaced by a
characteristic spacing Af, corresponding to a regular, even
spacing of the frequency components by a same frequency
difference, e.g. about 100 GHz, 50 GHz, or 10 GHz.

In some embodiments of the apparatus 100 the optical
switch 120 1s configured as an optical space switch 120 hav-
ing an input switch port 120-SI and a plurality of output
switch ports 120-S0O, . .. 120-SO, , wherein the mput switch
port 120-S1 1s configured to receive the wavelength division
multiplexed optical signal 115 and the plurality of output
switch ports 120-SO, , . . . 120-SO,, are configured to
transmit the wavelength division multiplexed optical signal
115 (e.g.,S,...S,/)toone (e.g., 110-1,) of the set of the input
ports 110-I, . . . 110-I,, of the optical multiplexer/demulti-
plexer 110.

In some embodiments, the optical switch 120 includes
movable optical elements configured to controllably direct
the wavelength division multiplexed optical signal 113 from
the mput switch port 120-S1I to one of the output switch ports
120-S0O, . .. 120-S0O,,. For instance, the optical switch 120,
configured as an optical space switch, can include micro-
clectromechanical system (MEMS) device having one or
more mirrors that can tilt at different angles. For instance, the
input signal 115 e.g., generated from a laser light source can
be sent to different outputs of the switch by adjusting the tilt
of the mirrors or mirrors.

In some embodiments, the optical switch 120 includes one
or more Mach Zhender interferometers (MZI) devices con-
figured to controllably direct the wavelength division multi-
plexed optical signal 115 from the input switch port to one of
the output switch ports. For instance, adjusting optical phase
differences between the path-lengths of the optical arms can
be used to control which of the output switch ports
120-S0O, .. .120-5S0, ,the input signal 115 1s routed to. One
skilled 1n the pertinent arts would be familiar with other
possible embodiments of the optical switch 120.

As turther illustrated 1n FIG. 1, some embodiments of the
apparatus 100 can further include a control module 130 con-
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figured to control the routing of the wavelength division mul-
tiplexed input signal 115 to the selected one of the input ports
(e.g., 110-1,) of the optical multiplexer/demultiplexer 110.

For instance, the control module 130 (e.g., an integrated
circuit) can be configured to apply an electrical signal 135
(e.g., a voltage 1n some cases) to the optical switch 120 to
cause a select one or more mirrors a MEMS device to tilt, or,
to cause phase shift be applied to an arm of a MZI device, to
thereby route the input signal 115 to the selected one input
port (e.g., 110-1,).

In some embodiments, the control module 130 can be
configured to send one or more control signals 135 to the
optical switch 120 to thereby cause the optical switch 120 to
successively send the wavelength division multiplexed opti-
cal signal 1135 from the input switch port 120-SI to each one
of the plurality of output switch ports 120-SO, ... 120-S0O, .

In some embodiments, the control module 130 1s config-
ured to adjust the routing of the wavelength division multi-
plexed mput signal 115 to the selected one of the input ports
(e.g., 110-1,) that increases the optical power level output of
the demultiplexed wavelength channels 117 from the optical
multiplexer/demultiplexer 110. For instance, by selecting the
one 1nput port that provides the highest optical power level
output (e.g., O, ... O,) from the plurality of subsets (e.g.,
110-0O, ... 110-0;) of output ports 110-O, . . . 110-O,, the

mismatch between the corresponding passbands of the opti-
cal multiplexer/demultiplexer 110 and the carrier wave-
lengths of the 1input signal 115 can be reduced.

For instance, 1n some embodiments, the apparatus 100 can
turther include an optical power monitor 140 configured to
receive a portion of the demultiplexed wavelength channels
142 and to measure an optical power level from each one of
the set of output ports output ports 110-O, . .. 110-O,. For
instance, the optical power level can be measured by the
monitor 140 as the control module 130 causes the optical
switch 120 to sequentially send the optical signal 115 from
the mput switch port to each one of the output switch ports
SO, . . . 120-SO,, and therefrom each of the input ports
110-I, ...110-1, . Forinstance, the optical power monitor 140
can transmit one or more electrical signals 145 to the control
module 130, the electrical signal 145 being proportional to
the optical power level output from the each one of the output
ports 110-O, . . . 110-O,,. The control module 130 can be
configured (e.g., programmed) to adjust the routing of the
demultiplexed wavelength channels 117 to the one of the
output switch ports SO, ...120-50, .that provides the highest
optical power level from a subset of the output ports
110-O, ... 110-0O,, of the optical multiplexer/demultiplexer
110.

In some embodiments of the apparatus 100, the mismatch
between the corresponding passbands of the optical multi-
plexer/demultiplexer 110 and the carnier wavelengths of the
input signal 115 can be due to fabrication variations 1n the
optical multiplexer/demultiplexer 110. In such cases, the
optical switch 120 can be set (e.g., at a fabrication facility) to
select the one output switch ports SO, . 120-50, , that
mimmizes this mismatch (e.g., by provides the highest optical
power level at the output of the optical multiplexer/demulti-
plexer 110).

In other cases, the mismatch between the corresponding
passbands of the optical multiplexer/demultiplexer 110 and
the carrier wavelengths of the mput signal 115 can alterna-
tively, or additionally, be due to temperature varations of the
optical multiplexer/demultiplexer 110 (e.g., due to different
temperatures surrounding the multiplexer/demultiplexer
110). In such cases, the routing of the optical signal 1135 by the
optical switch 120 can be in response to temperature-induced

shifts 1n optical passbands of the optical multiplexer/demul-
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tiplexer 110. For instance, the optical switch 120 can be
configured (e.g., by the control module 130) to dynamically
adjust the routing of the optical signal 115 dependent upon the
present temperature variation of the optical multiplexer/de-
multiplexer 110.

Some embodiments of the optical multiplexer/demulti-
plexer 110 include a grating (e.g., arrayed waveguide gratings
having high-index-contrast waveguides) configured to sepa-
rate the wavelength division multiplexed optical signal 115
into the demultiplexed wavelength channels 117 (corre-
sponding to different optical passbands of the optical multi-
plexer/demultiplexer 110) and send these separated wave-
length channels to different subsets of the set of output ports
110-O, ...110-0O,,.

Other embodiments of the optical multiplexer/demulti-
plexer 110 can include MZIs configured to provide the pre-
terred optical passbands. Still other embodiments of the opti-
cal multiplexer/demultiplexer 110 would be apparent to one
of ordinary skill in the pertinent arts.

Some embodiments of the optical multiplexer/demulti-
plexer 110 are pretferably configured to have optical pass-
bands having center-to-center frequency separations that are
substantially equal to the frequency separation (e.g., spacings
Af, of 100, 50, or 10 GHz) between different wavelength
channels present in the wavelength division multiplexed opti-
cal signal 115.

Some embodiments of the apparatus 100 further include a
temperature control device 150 configured to change the tem-
perature of the optical multiplexer/demultiplexer to thereby
alter optical path-lengths 1n the optical multiplexer/demulti-
plexer 110. Embodiments of the temperature control device
150 can include a heater, thermoelectric cooler or combina-
tion thereof, or, other embodiments of thermo-optic tuners
familiar to those skilled in the pertinent arts.

In some such embodiments, the optical switch 120 pro-
vides a coarse adjustment of the optical passbands of the
multiplexer/demultiplexer and the temperature control device
150 provides a fine adjustment of the optical passbands of the
multiplexer/demultiplexer. In some embodiments, the tem-
perature control device 150 can be controlled by the control
module 130 which can be configured to send an electrical
signal 155 to the temperature control device 150 to cause the
device to heat or cool the optical multiplexer/demultiplexer so
as to fine tune the centers of the optical passbands of the
selected one subset of output ports (e.g., 110-O, ... 110-0.),
within the set of output ports 110-O, ... 110-0O,.

To facilitate separation of the wavelength channels over a
broad range of wavelengths, the optical multiplexer/demulti-
plexer 110 can preferably be configured such that each com-
bination of mput port 110-I, . . . 110-I,, to output port
110-0O, . . . 110-O,, have distinct path lengths that provide
different optical passbands centered at different wavelengths.
Such embodiments can thereby provide a maximal tunable
wavelength range (xAmax) of optical passbands to accommo-
date the anticipated ranges misalignment 1n the optical pass-
bands of the multiplexer/demultiplexer 110 as compared to
the wavelength channels present 1n the mput optical signal
115.

For instance, in some embodiments, the optical switch 120
1s configured to have a number M of output switch ports equal
to the number M of the optical multiplexer/demultiplexer 110
input ports. In some cases the number M of input ports pret-
erably 1s equal to or greater than (2x(Amax/oA))+1 where
OA=2At. Here At1s defined as a maximum tunable wavelength
range attainable by the temperature control device 130
coupled to the multiplexer/demultiplexer 110, ximax 1is
defined as the maximum tunable wavelength range and oA 1s
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defined as the center-to-center difference of the nearest neigh-
bor of the optical passbands optical multiplexer/demulti-
plexer 110.

As a non-limiting example, assume a fabrication-caused
wavelength shift from the preferred value 1s within the range
of £A_, which 1s too large for compensation using thermal
tuning. And assume further that the optical multiplexer/de-
multiplexer 110 thermal tuning has a maximum wavelength
adjustment range ot +A that1s much smaller than A . Insuch
a case an embodiment of the MxN optical multiplexer/demul-
tiplexer 110 may be configured with a wavelength step size of
oA=2A, between different neighboring mput ports, and the
number of ports should be =2(A_/0A)+1.

Another embodiment of the disclosure 1s a system, e.g., an
optical communication system. FIG. 1 also presents a block
diagram of the apparatus 100 configured as a system 160. The
system 160 can be or include any embodiments of the appa-
ratus 100 discussed herein. In some cases, the system 160 can
be configured as an 1nput or output planar photonic integrated
circuit.

Referring to FIG. 1, the system 160 comprises a tunable
optical multiplexer/demultiplexer apparatus 100. The appa-
ratus 100 includes the optical multiplexer/demultiplexer 110
the optical switch 120, such as any of the embodiments
described above.

In some cases, the optical multiplexer/demultiplexer 110
demultiplexes the wavelength division multiplexed optical
signal 115 provided by an optical source 170 (e.g., a laser) to
the optical switch 120. The optical switch 120 can route the
wavelength division multiplexed signal 115 to the selected
one of the mput ports (e.g., 110-I,), thereby causing the
plurality of demultiplexed wavelength channels 117 to be
output by the optical multiplexer/demultiplexer 110 to a sub-
set (e.g., 110-O, . . . 110-0,) of the plurality of output ports
110-O, ... 110-0,.

In some cases, the demultiplexed wavelength channels 117
in the subset of output ports 110-0, .. . 110-O; 1s transmitted
to a data drive module 180 of the system 160. The data drive
module 180 can be configured to encode data into the carrier
wavelengths (e.g., binary data) using procedures well known
to those skilled 1n the pertinent arts (binary phase shift keying,
or on-oil keying, quadrature phase-shift keying, or similar
keying protocols).

In some embodiments of the system 160, the optical switch
120 can be configured as an optical space switch having at
least one mput switch port 120-SI and a plurality of output
switch ports 120-SO, . .. 120-SO, .. The input switch port
120-SI 1s configured to recerve the wavelength division mul-
tiplexed optical signal 115 and the plurality of output switch
ports 120-S0O, . . . 120-50,, are configured to transmit the
wavelength division multiplexed optical signal 115 to one of
the set of the mput ports 110-I, . . . 110-I,, of the optical
multiplexer/demultiplexer 110.

Some embodiments of the system 160 further include a
control module 130 configured to control the routing of the
wavelength division multiplexed signal 115 by the optical
switch 120 to the selected one of the mput ports 110-1, . . .
110-I, , of the optical multiplexer/demultiplexer 110.

Some embodiments of the system 160 further include an
optical power monitor 140 configured to monitor an optical
power level output from the plurality of output ports
110-0O, ... 110-O,, of the optical multiplexer/demultiplexer
110 and send an electrical signal 143 that 1s proportional to
the optical power level output from the each one of the output
ports 110-O, . . . 110-O,, to the control module 130. For
instance, the control module 130 can be configured (e.g.,
based on feedback from the electrical signal 145) to change
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the routing of the wavelength division multiplexed imnput sig-
nal 115 to different selected ones of the mnput ports
110-1, . . . 110-I,, of the optical multiplexer/demultiplexer
110 so as to provide a highest the optical power level output
(e.g., inthe demultiplexed wavelength channels 117) from the
optical multiplexer/demultiplexer 110.

Some embodiments of the system 160 further include a
temperature control device 150 configured to change the tem-
perature of the optical multiplexer/demultiplexer 110 to
thereby alter optical path-lengths 1n the optical multiplexer/
demultiplexer 110 and thereby provide a finer adjustment of
the optical passbands of the multiplexer/demultiplexer as
compared to that provided by routing input ports 110-I, . . .
110-I,, of the optical multiplexer/demultiplexer 110 via the
optical switch 120.

Another embodiment 1s a method 200. FIG. 2 presents a
flow diagram of a method of the disclosure, such as a method
implemented using any of the apparatuses 100 or systems 160
discussed 1n the context of FIG. 1. In some cases, the method
200 can be applied to reduce misalignment between fre-
quency channels 117 of a wavelength-division multiplexed
optical signal 115 and the optical passbands for selected
output ports 110-O, . . . 110-O,, of the optical multiplexer/
demultiplexer 110.

With continuing reference to FIGS. 1 and 2 throughout the
method 200 comprises a step 205 of inputting a wavelength
division multiplexed optical signal 115 to an input switch port
120-SI of an optical switch 120. The method comprises a step
210 of routing the wavelength division multiplexed optical
signal 115 to a selected one of a plurality of output switch
ports 120-SO, . . . 120-SO,, of the optical switch 120. The
method 200 also comprises a step 215 of directing the wave-
length division multiplexed optical signal 115 from the
selected one output switch port (e.g., one of 120-S0, . . .
120-S0O, ,) to one of a set of input ports (110-I, ... 110-I, ) of
an optical multiplexer/demultiplexer 110. The method 200
turther comprises a step 220 of demultiplexing the wave-
length division multiplexed optical signal 115 1n the optical
multiplexer/demultiplexer 110 to form a plurality of demul-
tiplexed wavelength channels 117. The method also com-
prises a step 225 of transmitting each of the demultiplexed
wavelength channels 117 to selected ones of a subset of
output ports (e.g., 110-O, . .. 110-O;) within a set of output
ports 110-0, . . . 110-O,; of the optical multiplexer/demulti-
plexer 110.

Some embodiments of the method 200 further include a
step 230 of adjusting the optical output (O, ... O,,) of the
optical multiplexer/demultiplexer 110 including a step 235 of
controlling the optical switch 120 (e.g., via the control mod-
ule 130) to sequentially route the wavelength division multi-
plexed optical signal 115 to each of the switch output ports
120-S0, . .. 120-S0O,, to thereby locate the subset of output
ports (e.g., 110-0O, . . . 110-0;) of the optical multiplexer/
demultiplexer 110 transmitting a highest the optical power
level.

In some embodiments of the method 200, controlling the
optical switch (step 235) includes a step 240 of sending one or
more electrical signals 135 from a control module 130 to the
optical switch 120 to sequentially direct the wavelength divi-
sion multiplexed optical signal 1135 from the switch mnput port
110-SI to each of the selected ones of the output switch ports
120-S0O, . . . 120-S0,, while monitoring the optical power
level from the output ports 110-O, . . . 110-O,, of optical
multiplexer/demultiplexer 110 (e.g., via the optical power
level monitor 140).

In some embodiments of the method 200, the control mod-
ule 130 1n configured, in step 245, to send a second electrical
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signal 155 to a temperature control device 150 configured to
adjust a temperature of the optical multiplexer/demultiplexer
110 to thereby adjust optical passbands of the optical multi-
plexer/demultiplexer 110.

Further aspects of some embodiments of the apparatus 100,
system 160 or method 200 are illustrated in the figures and
disclosure to follow.

Referring to FIG. 1, some embodiments of the optical
multiplexer/demultiplexer 110 may be, e.g. a conventional
optical multiplexer/demultiplexer. Some embodiments of the
optical multiplexer/demultiplexer 110 may include optical
paths, e.g. waveguides, and heaters coupled to some optical
paths to adjust one or more optical path lengths within the
optical multiplexer/demultiplexer 110 to tune the operation of
the device. Some embodiments of the optical multiplexer/

demultiplexer 110 includes M inputs designated 110-I, . . .
110-1, , and N outputs designated 110-O, . .. 110-O,,. Some

embodiments of the optical multiplexer/demultiplexer 110
separates wavelength channels 117 of a WDM signal 115 (IN)
presented to one of the inputs 110-11 . . . 110-I, , producing
multiple output signals (O, . .. O,,) corresponding to at least
some of the WDM channels. As described further below, the
separated channels 117 are output to selected ones of the
outputs 110-O, . . . 110-O,, depending on which mput (e.g.,
110-1,) receives the WDM 81gnal

Some embodiments of the optical switch 120 may be a
conventional switch, e.g., an optical space switch. Those
skilled 1n the pertinent art are familiar with such devices and
their fabrication. Some embodiments of the switch 120
includes one mput 120-SI and M outputs 120-S0, . . . 120-
SO, . Some embodiments of the controller 130 are coupled to
the switch 120 to control the signal path between the input
120-1, . . . 120-I,, and a selected one of the outputs
120-S0O, ... 120-S0O, . Signal paths S, . . . S, ,correspond to
the outputs 120-S0, . ...120-50, ;and the imnputs 120-S1, and
may be referred to below to describe the signals output by the
switch 120 and input by the optical multiplexer/demultiplexer
110.

FIGS. 3A-3C 1illustrate various aspects of the wavelength
accuracy problem of wavelength optical multiplexer/demul-
tiplexers.

FIG. 3A 1illustrates without limitation a representative
spectral response of an example embodiment of the optical
multiplexer/demultiplexer 110. Wavelength channels 117 of a
WDM optical signal 115, sometimes referred to as the WDM
orid, or simply “grid”, are marked by vertical lines 310 at O,
+0.3 and £0.6 (arbitrary scale). Passbands 320 1n a passband
group, or spectrum, are shown being about aligned with the
wavelength channels 310. Each of the wavelength channels
117 of the grid 310 may correspond to a particular output of
the optical multiplexer/demultiplexer 110. For example, 11
N=13, the wavelength channels may be output to 110-Oy, . . .
110-O,,. A downstream optical circuit (e.g., a data drive
module 180) may be configured to expect the wavelength
channels to be output to these particular outputs of the optical
multiplexer/demultiplexer 110.

FIGS. 3B and 3C illustrate spectral response of the
example optical multiplexer/demultiplexer 110 wherein pass-
bands 330 (FIG. 3B) and passbands 340 (FI1G. 3C) are shifted
from the desired case represented by FIG. 3A. For example,
passbands 330 in FIG. 3B are shifted to lower wavelengths
from the 1deal case, while 1n FIG. 3C passbands 340 are
shifted to higher wavelengths. These cases represent, for
example, the effect of a large fabrication-induced shift 1n the
peak wavelengths of the passband positions. This shifthas the
elfect of moving the WDM channels to different outputs of
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the optical multiplexer/demultiplexer 110. Thus, a connected
optical circuit may not receive the correct signal, or may not
receive any signal at all.

FIGS. 4A-4G 1llustrate spectra of the optical multiplexer/
demultiplexer 110 (FIG. 1) according to one embodiment.
The spectra represent without limitation passband locations
for an embodiment in which M=7. The M signals between the
optical switch 120 and the optical multiplexer/demultiplexer
110 are designated S, .. . S,. As the signal path to which the
WDM signal 1s switched progresses from S, to S, the pass-
bands shift to lhigher wavelength by a regular amount as
determined by, e.g. the geometric parameters of the optical
multiplexer/demultiplexer 110. As an example, the spectrum
corresponding to S, (FIG. 4D), could correspond to, e.g.,
optical input to a port (e.g., 110-1,) at about the center of the
optical multiplexer/demultiplexer 110, that 1s centered about
at zero wavelength shift. As the WDM signal 1135 1s switched
to progressively lower signal paths, e.g. S;-S,-S,, the center
wavelength of the passband group shifts to greater negative
wavelength offsets. As the WDM signal 1135 1s switched to
higher signal paths, e.g. S;-S,-S., the center wavelength of
the passband group shiits to greater positive wavelength off-
set.

Considering now FIGS. 5A-5G, examples are shown,
without limitation, of cases in which there 1s a large fabrica-
tion-induced shift 1n the spectra positions. More specifically,
FIG. 3D illustrates a case in which a fabrication-induced
wavelength shift causes the spectral response of the optical
multiplexer/demultiplexer 110 to shift to lower wavelengths,
¢.g., a center wavelength offset of about —1.7 (arbitrary fre-
quency scale). Because of this shift, the WDM channels 117
are not output to the correct output of the optical multiplexer/
demultiplexer 110. However, considering FIG. 3G, the pass-
bands associated with the port S- are shifted down 1n wave-
length such that the center wavelength 1s near zero, e.g. about
—0.2 (arbitrary frequency scale). Thus when the received sig-
nal 1s input to the port 110-1, (e.g., via S, ), the WDM channels
117 are routed to the same outputs of the optical multiplexer/
demultiplexer 110 as was previously the case as described for
FIG. 3A. Any relatively small remaining wavelength shift
may be corrected thermo-optically (e.g., via a temperature
control device 150) to center the passbands of the optical
multiplexer/demultiplexer 110 at about 0 wavelength offset.
Thus, the WDM channels are correctly routed to following
optical processing circuitry in spite of the fabrication-related
geometry errors.

Similarly, FIGS. 6A-6G illustrate the passbands of the
optical multiplexer/demultiplexer 110 for the case that the
passbands are significantly shifted to greater wavelength, e.g.
by about 1.7 (arbitrary frequency scale), e.g. due to fabrica-
tion variations in the optical multiplexer/demultiplexer 110.
In this case, when the recerved WDM signal 1135 1s input to the
port 110-I, (via S;) the WDM channels 117 are properly
routed to the expected outputs. Thus, the switch output port
120-SO, may be used, optionally with additional thermo-
optic tuning to more accurately position the passbands.

In some WDM applications, especially the case of dense
WDM (DWDM) with very narrow channel spacing, the opti-
cal multiplexer/demultiplexer 110 sometimes requires either
a thermal design or temperature stabilization, e.g., with tem-
perature control device 150 that includes a thermoelectric
cooler, to maintain the optical multiplexer/demultiplexer 110
temperature at certain level. Such implementations can con-
sume significant power when the optical multiplexer/demul-
tiplexer 110 1s large and/or the temperature variation is large.

Embodiments of the disclosed apparatus 100 may elimi-
nate the need for the thermoelectric cooler, and use the small-
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range mntegrated tuning of the optical multiplexer/demulti-
plexer 110 (e.g. thermo-optic tuning) and the large-range
stepping provided by the optical switch 120 to compensate for
the temperature variations.

In a nonlimiting example, if the wavelength shift of the
passband group caused by switching the WDM optical signal
115 between neighboring inputs ports 110-1 1s equivalent to
the shift caused by an environment temperature change of 10°
C., when the environment temperature changes by 10° C., the
WDM signal may be shifted to the next mput port of the
optical multiplexer/demultiplexer 110 to use the passband
group centered at zero delta wavelength. In the case of a 20°
C. change of environment temperature, the optical signal 215
to the optical multiplexer/demultiplexer 110 may be shifted
by two ports. In the case of a 25° C. change of environment
temperature, the WDM optical signal 215 may be shifted by,
¢.g., two mput ports to compensate for 20° C., and then
integrated thermal tuning (e.g. a temperature control device
150) of the optical multiplexer/demultiplexer 110 may be
used to compensate for, e¢.g., the remaining 5° C. In this
manner, the maximum tuning done by thermo-optic adjust-
ment may be significantly reduced, e.g. to 5° C. In other
words, the temperature variations that may be accommodated
can be much larger, with a smaller amount of power consump-
tion by thermo-optic tuning heaters.

Those skilled 1in the art to which this application relates waill
appreciate that other and further additions, deletions, substi-
tutions and modifications may be made to the described
embodiments.

What 1s claimed 1s:

1. An apparatus, comprising:

an optical multiplexer/demultiplexer having a set of input

ports and a set of output ports, the optical multiplexer/
demultiplexer configured to demultiplex a wavelength
division multiplexed optical signal to one port of the set
of input ports, and to output a plurality of demultiplexed
wavelength channels to one of a plurality of subsets of
output ports within the set of output ports;

an optical switch configured to route the wavelength divi-

ston multiplexed signal to a selected one of the iput
ports, thereby causing the plurality of demultiplexed
wavelength channels to be output by the optical multi-
plexer/demultiplexer to selected ones of the plurality of
subsets of output ports; and

a control module configured to control the routing of the

wavelength division multiplexed input signal to the
selected one of the mnput ports of the optical multiplexer/
demultiplexer, wherein the control module 1s configured
to send one or more control signals to the optical switch
to thereby cause the optical switch to successively send
the wavelength division multiplexed optical signal from
the mput switch port to each one of the plurality of
output switch ports.

2. The apparatus of claim 1, wherein the optical switch 1s
configured as an optical space switch having an iput switch
port and a plurality of output switch ports, wherein the input
switch port 1s configured to receive the wavelength division
multiplexed optical signal and the plurality of output switch
ports are configured to transmit the wavelength division mul-
tiplexed optical signal to one of the set of the input ports of the
optical multiplexer/demultiplexer.

3. The apparatus of claim 1, wherein the optical switch
includes movable optical elements configured to controllably
direct the wavelength division multiplexed optical signal
from the mput switch port to one of the output switch ports.

4. The apparatus of claim 1, wherein the optical switch
includes one or more Mach Zhender interferometers config-
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ured to controllably direct the wavelength division multi-
plexed optical signal from the input switch port to one of the
output switch ports.

5. The apparatus of claim 1, further including a temperature
control device configured to change the temperature of the
optical multiplexer/demultiplexer to thereby alter optical
path-lengths 1n the optical multiplexer/demultiplexer,
wherein the optical switch 1s configured to provide a coarse
adjustment of the optical passbands of the multiplexer/de-
multiplexer and the temperature control device 1s configured
to provide a fine adjustment of the optical passbands of the
multiplexer/demultiplexer.

6. The apparatus of claim 1, wherein the control module 1s
configured to adjust the routing of the wavelength division
multiplexed signal to the selected one of the input ports that
increases the optical power level output of the demultiplexed
wavelength channels from the optical multiplexer/demulti-
plexer.

7. The apparatus of claim 6, wherein the control module 1s
configured to route the wavelength division multiplexed sig-
nal 1 response to temperature-induced shiits in optical pass-
bands of the optical multiplexer/demultiplexer.

8. The apparatus of claim 1, wherein the optical multi-
plexer/demultiplexer includes a grating configured to sepa-
rate the wavelength division multiplexed optical signal into
separated wavelength channels and send the separated wave-
length channels to selected ones of the set of output ports.

9. The apparatus of claim 1, wherein the optical multi-
plexer/demultiplexer 1s configured to multiplex the plurality
of demultiplexed wavelength channels to one of the plurality
ol subsets of output ports within the set of output ports and to
output the wavelength division multiplexed optical signal to
one port of the set of input ports; and

the optical switch 1s configured to route the wavelength
division multiplexed signal from the one port of the set
input ports of the optical multiplexer/demultiplexer,
thereby causing the wavelength division multiplexed
signal to be output by a single switch port of the optical
switch.

10. An apparatus, comprising:

an optical multiplexer/demultiplexer having a set of input
ports and a set of output ports, the optical multiplexer/
demultiplexer configured to demultiplex a wavelength
division multiplexed optical signal to one port of the set
of input ports, and to output a plurality of demultiplexed
wavelength channels to one of a plurality of subsets of
output ports within the set of output ports;

an optical switch configured to route the wavelength divi-
ston multiplexed signal to a selected one of the input
ports, thereby causing the plurality of demultiplexed
wavelength channels to be output by the optical multi-
plexer/demultiplexer to selected ones of the plurality of
subsets of output ports;

a control module configured to control the routing of the
wavelength division multiplexed iput signal to the
selected one of the mput ports of the optical multiplexer/
demultiplexer; and

an optical power monitor configured to monitor an optical
power level output from the plurality of output ports of
the optical multiplexer/demultiplexer and send an elec-
trical signal that 1s proportional to the optical power level
output from the each one of the output ports to the
control module.

11. An apparatus, comprising;:

an optical multiplexer/demultiplexer having a set of input
ports and a set of output ports, the optical multiplexer/
demultiplexer configured to demultiplex a wavelength
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division multiplexed optical signal to one port of the set

of input ports, and to output a plurality of demultiplexed

wavelength channels to one of a plurality of subsets of
output ports within the set of output ports;

an optical switch configured to route the wavelength divi-

ston multiplexed signal to a selected one of the iput
ports, thereby causing the plurality of demultiplexed
wavelength channels to be output by the optical multi-
plexer/demultiplexer to selected ones of the plurality of
subsets of output ports; and

a temperature control device configured to change the tem-

perature of the optical multiplexer/demultiplexer to
thereby alter optical path-lengths 1n the optical multi-
plexer/demultiplexer, wherein the optical switch 1s con-
figured to provide a coarse adjustment of the optical
passbands of the multiplexer/demultiplexer and the tem-
perature control device 1s configured to provide a fine
adjustment of the optical passbands of the multiplexer/
demultiplexer.

12. A system, comprising;:

a tunable optical multiplexer/demultiplexer apparatus

including;

an optical multiplexer/demultiplexer having a set of
input ports and a set of output ports, the optical mul-
tiplexer/demultiplexer configured to demultiplex a
wavelength division multiplexed optical signal to one
port of the set of 1nput ports, and to output a plurality
of demultiplexed wavelength channels to one of a
plurality of subsets of output ports within the set of
output ports;

an optical switch configured to route the wavelength
division multiplexed signal to a selected one of the
input ports, thereby causing the plurality of demulti-
plexed wavelength channels to be output by the opti-
cal multiplexer/demultiplexer to selected ones of the
plurality of subsets of output ports;

a control module configured to control the routing of the
wavelength division multiplexed mput signal to the
selected one of the mput ports of the optical multi-
plexer/demultiplexer; and

an optical power monitor configured to monitor an opti-
cal power level output from the plurality of output
ports ol the optical multiplexer/demultiplexer and
send an electrical signal that 1s proportional to the
optical power level output from the each one of the
output ports to the control module.

13. The system of claim 12, wherein the optical switch 1s
configured as an optical space switch having at least one input
switch port and a plurality of output switch ports, wherein the
iput switch port 1s configured to receive the wavelength
division multiplexed optical signal and the plurality of output
switch ports are configured to transmit the wavelength divi-
sion multiplexed optical signal to one of the set of the input
ports of the optical multiplexer/demultiplexer.

14. The system of claim 12, wherein the control module 1s
configured to send one or more control signals to the optical
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switch to thereby cause the optical switch to successively
send the wavelength division multiplexed optical signal from
the input switch port to each one of the plurality of output
switch ports.

15. The system of claim 12, further including a temperature

control device configured to change the temperature of the
optical multiplexer/demultiplexer to thereby alter optical
path-lengths 1n the optical multiplexer/demultiplexer,
wherein the optical switch 1s configured to provide a coarse
adjustment of the optical passbands of the multiplexer/de-
multiplexer and the temperature control device 1s configured
to provide a fine adjustment of the optical passbands of the
multiplexer/demultiplexer.

16. The system of claim 12, wherein the control module 1s
configured to change the routing of the wavelength division
multiplexed input signal to different selected ones of the input
ports the optical multiplexer/demultiplexer so as to provide a
highest optical power level output from the optical multi-
plexer/demultiplexer.

17. A method, comprising:

inputting a wavelength division multiplexed optical signal

to an mput switch port of an optical switch;

routing the wavelength division multiplexed optical signal

to a selected one of a plurality of output switch ports of
the optical switch;

directing the wavelength division multiplexed optical sig-

nal from the selected one output switch port to one of a
set of 1nput ports of an optical multiplexer/demulti-
plexer;
demultiplexing the wavelength division multiplexed opti-
cal signal in the optical multiplexer/demultiplexer to
form a plurality of demultiplexed wavelength channels;

transmitting each of the demultiplexed wavelength chan-
nels to selected ones of a subset of output ports within a
set of output ports of the optical multiplexer/demulti-
plexer; and

adjusting the optical output of the optical multiplexer/de-

multiplexer, including controlling the optical switch to
sequentially route the wavelength division multiplexed
optical signal to each of switch output ports to thereby
locate the subset of output ports of the optical multi-
plexer/demultiplexer transmitting a highest optical
power level.

18. The method of claim 17, wherein the controlling the
optical switch includes sending one or more electrical signals
from a control module to the optical switch to sequentially
direct the wavelength division multiplexed optical signal
from the switch input port to each of the selected ones of the
output switch ports while monitoring the optical power level
from the output ports of optical multiplexer/demultiplexer.

19. The method of claim 18, wherein the control module 1s
configured to send a second electrical signal to a temperature
control device configured to adjust a temperature of the opti-
cal multiplexer/demultiplexer to thereby adjust optical pass-
bands of the optical multiplexer/demultiplexer.
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